INTRODUCTION
A new scheme of RCMS (Rapid Cycling Medical Synchrotron) was proposed in BNL.['721 In the preliminary de~ign,'~"' the circumference of the synchrotron is 24.2m, the injected beam energy is 7MeV, and the ejected energy is 70 to 25OMeV. Consequently, the synchrotron frequency should ramp from 1.5 to 7.6 MHz. The acceleration voltage required is about 3kV, a quite modest value.
Since the intended application is for use in hospitals, other essential requirements are keeping the cost competitive and the ease of handling and maintenance-free operation.
Ferrite has been widely applied for tunable cavities. Since ferrites have a natural inertia of their permeability, a repetition rate of 30 Hz seems too high, so much effort was focused on the non-tuning scheme at first.
Unfortunately, though the gap voltage was quite modest, the non-tuning scheme still requires too much power, because the ramped frequency band is too wide, say 5 to 1.
This suggested a comprehensive investigation of various options.
Many possible schemes have been investigated. This note addresses them in order, and summarizes their advantages and disadvantages.
SPECIFICATIONS
In order to optimize the RCMS design, the parameters had a few iterations. The beam current is quite low and thus the beam loading is negligible in the cavity. The revolution period has to be consistent with the field of the dipole magnets, which is sinusoidal. Consequently, the gap voltage and frequency must be ramped such as to match the ramp curve of beam energy. The ramp curve is shown in Fig. 1 Regarding the RF design, we are more concerned with the voltage response with the (a\ GAP VOLTAGE vs FREQUENCY 
Fig.2 The cavity voltage requirement vs frequency
The frequency axis of Fig. 2 (a) is on a linear scale. In a wide band circuit, the center frequency does not refer to the arithmetical mean, but geometrical mean. Therefore, a logarithmic scale is appropriate as shown in Fig. 2(b) . Obviously, the required response is quite asymmetric.
GENERAL CONSIDERATION
The required voltage is only a few kilovolts, which is by no means high if it is fed to a simple resistant load. The load in question is a cavity filled with ferrite rings. It can be classified into two categories: resonant and non-resonant. For resonant cases, the load impedance is high and thus the needed drive power is low, but it can hard to cover a wide band without appropriate tuning. For non-resonant cases, the load is inductive. Since the The data are quoted from data sheets of Phillips[51. There exists other data source from experiments showing differences. However, the permeability dispersion of the products may be as much as k20% or more, so those data can only be regarded as an estimation. Trimming is always necessary for an individual device. The flux in the air is negligible in comparison with that in the ferrite. At low frequency the current along the cavity axis can be regarded as invariant. Then, the above integral is 'I where r1 and 1-2 are inner and outer radius of the ferrite ring respectively, 1 = Nd is the total length of the ferrite stack, and N is the number of rings. It should be noted that the above formula has implicitly assumed that the permeability is constant. This would not be true in the case that a bias field is applied on the ferrite. In this note we discuss only the non-tuning case without bias. The tunable case is detailed in a separate note t61. 
Assuming B,, = 100 Gs = 10 mT, and substituting the geometrical parameters, r2/r~ = 50/25, we get
Taking into account the specified voltage shown in Fig.2 Frequency [MHz] 0 y I c l m m~9 i " J * w P m B 1 (
Fig.3 Minimum number of ferrite rings needed
If one cavity can contain 16 rings, then it can sustain the total required voltage. It is independent of the permeability, so the calculated ring number is applicable for both 4M2 and 4L2.
Once the number of the rings is decided, one can check the power loss in it. The total loss of the cavity consists of loss in ferrite and in copper, but the latter is negligible in comparison with the former. Since the loss in the ferrite is non-uniform in both space and time, there are a few concerns as follows:
(a) The spatial maximum loss; (b) The spatial average loss, which determines the real power delivered from the (c) The time average total loss, which determines the total heat to be removed by the ( p r Q) m (7) prQ is a complex function of flux density and frequency as seen by From (4) and (7) the maximum flux and power loss density are
The total power loss iS simply a volume integral, keeping in mind that P d = Pdm-(rl/r)2.
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The average power loss density is It is clear that the power loss is quite modest. The maximum density is less than 60 mW/cm3, while the maximum total loss is about 1.6 kW around 2.9 MHz. Keep in mind that the data are based on the assumption that N = 16 and pQ = IO4, namely we chose the minimum number of rings and a rather conservative permeability. If the cavity consists of more rings, the loss will be reduced further.
From the time dependence curve, one can figure out the time average power. In Fig.4 , the average power is 880 W, while the maximum power density is 30 mW/cm3 in time average. As heat is a concern because the duty cycle is 50 %, the total average power is then only 440 W and the hottest spot is 15mW/cm3. Therefore, we can conclude that the power dissipation in the ferrite is quite modest, even in the case of only one cavity with 16 rings. Now, we can calculate the inductance. Since dissipation is worry free, the inductance is more important in our case. It depends on material and may require more rings.
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The inductance is easily deduced from (3) and (4) 
POWER REQUIREMENT
The power source must meet the requirement of both frequency and voltage ramp as shown in Fig. 1 . The power loss shown in Fig.4 is under these ramp conditions. However, it is roughly equal to the output power of the source only if the cavity is tuned synchronously with the frequency ramp and the source matches the cavity load for all frequencies. Otherwise, the power requirement is always larger.
Generally, a simple cavity can be represented by a L-C-R resonator. Fig.5 shows the equivalent circuit and its power supply. V, is the gap voltage. R, is the internal'impedance of the source and I, the source current. Obviously, the power supply must have the capability to drive a voltage of V, and a current of I, simultaneously. The nominal power (RMS) of the power supply should be no less than:
It is worth noting that both V, and Is should be their maximum in the whole band, although they may not occur in the same frequency.
If one chooses N cavities with equal parameters instead of one cavity, then the voltage of each gap will be N times less. So is the drive current Is. Then the drive power for each gap will be:
where V, , , is the total voltage in a cycle. The total power required is:
Evidently, the more cavities, the less power required. Therefore, it's better to choose as many cavitiedgaps as possible as long as the space and other factors permit.
The total voltage per cycle has been determined by beam dynamics as mentioned at beginning and can't be changed. So, the power is determined by the current. On resonance, the drive current is low. But, in the non-tuning case the current is much larger. Since the non-tuning scheme is of special interest, we'll calculate the current.
Obviously, the larger the inductance, the smaller the drive current. So we should design a cavity with as large an inductance as possible. From Table 2 the material 4L2 is preferable, though it is not recommended to operate higher than 5MHz. . , . , . , . , . , . Note that the maximum current is about 7.5 Ampere at 5.7MHz. The maximum reactive power is 21.5 kVA at 5.3 MHz. The power supply should be capable of reaching a maximum current of 7.5 A and a maximum voltage of 3.25 kV simultaneously. Then the nominal peak power is 24.5 kVA. Since an amplifier normally specifies its output power in RMS, it requires an amplifier with a RMS power of 12.25 kW. The two cavities need a total power of 24.5 kW, providing the impedance match between supply and cavities is optimized.
AMPLIFIER ISSUE
From the foregoing, the maximum real power loss is 1.6 kW in a non-tuning cavity case, while the reactive power is 24.5 kW, much higher than the former. If the coupling between amplifier and cavity is not properly matched, the specified power of the amplifier should be even higher. The questions arise:
(1) How to specify the power of an amplifier? Specifically, is a 5kW amplifier able to drive a load with reactive power of SkVA? Class A amplifiers are linear amplifiers that are "load tolerant", that is insensitive to the VSWR of the load, but expensive. On the contrary, class AB amplifiers are cheap but very sensitive to the load.
Class-A median power amplifiers can deliver full power with any load. High power amplifiers can deliver full power with a load VSWR up to 6:l but will reduce beyond that. ' Bent Meier, Cubic Communications Inc. private communication.
The main reason for this difference is because they have different capabilities for heat dissipation. The heat or power dissipation is the integral of the product of voltage and current in the collector of the transistor (or the plate of the tetrode in the case of tube amplifiers).
This can be qualitatively illustrated by Fig.9 . Class A amplifiers are so designed that the quiescent point lies within the linear region (see Fig.9a ). Without an input signal, the power dissipated in the collector is simply P = V,x Zq , which equals the DC power provided from the supply. When an RF signal is applied, the amplifier delivers a part of the power to the load, and thus reduces the dissipation power on the collector. For a reactive load, the collector will absorb the reflected power, but the total amount of dissipation is not larger than that of the quiescent state and is thus tolerable. On the other hand, in a class AB amplifier (see Fig. 9b ), the quiescent current is much smaller. V, and I4 are close to the cut-off point. When the amplifier delivers full RF power to the load, the total dissipation may be a few times larger than that of quiescent state. With a matched load, the current is just in the opposite phase with the voltage. As shown in the figure, the maximum current occurs simultaneously with the minimum voltage. This minimizes the dissipation, and the heating is manageable.
When reflection power occurs, as in the case of an inductive load, the current phase may shift up to 90 degrees as the dashed line shown in Fig.9b . According to the integral (17), the dissipation will be larger than the designed value, even if the amplitudes of the voltage and current remain the same. (The real amplitude of the RJ? voltage may change from case to case, which may cause an extra contribution).
Therefore, a class AB amplifier with nominal power of 5kW can deliver 707 V and 14 A to a matched load, but can not deliver the same amount, or SkVA, to a reactive load. This explains qualitatively the reduction in Fig.8 .
Obviously, a class A linear amplifier is superior to a class AB amplifier for cases of reactive load. A load off-resonance is exactly a reactor. The VSWR can be very large. Therefore, class A is preferable.
However, because a class A amplifier is designed for a higher dissipation capability, it requires more active devices and is thus generally larger and more expensive than a class AB amplifier. Table 3 lists some data for comparison. As can be seen, class A amplifiers are priced almost 3 times higher than its counterpart of class AB. How to trade off the performance and the price is of serious concern. Note also the lowest frequency of Cubic Communications Inc.'s amplifiers is 1.6 MHz, which does not meet our need in the low frequency end, say 1.27 MHz.
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TUBE OPTION ---DIRECT COUPLING
Usually, a solid state source is preferable because it is compact, simple and needs little maintenance. However, from the discussion in preceding section, one can conclude that the amplifier must be class A, which is expensive. Then one has to ask if the option of a tube amplifier is worthy for comparison.
Technically, it likely has least problem, because BNL did have much experience with it. Both voltage and current have plenty of margin, so that one cavity would be adequate. In addition, because a tube amplifier applies high voltage, its output is more than the specified 6.5kV and it can be connected directly to the cavity gap, which significantly simplifies the structure. Moreover, it is cheaper than the solid amplifier as shown in Table 3 and Table 6 (see later) .
However, the disadvantages of the tube option are also obvious. The support system is rather complex. For a tetrode, besides the plate voltage supply, there are screen, grid bias and heater power supplies too. It also requires a sizable driver amplifier and cooling system. More important is the need of maintenance, including the fact that the tube lifetime is limited and requires timely replacement. This is unlikely to be acceptable in a hospital.
CAPACITOR COUPLING AND MULTI-BAND STAGGERING
Unlike tube amplifiers, solid state amplifiers are usually designed to feed a 50 ohm load. Some of them are listed in Table 3 . Consequently, the output voltage is rather low. A 5kW amplifier can deliver only 0.7kV. In order to get the specified gap voltage, we need to enhance the voltage somehow. Transformers are common devices to enhance voltage. Other possible options are capacitor coupling and inductance coupling. We discuss capacitor coupling here at first. Fig. 10 shows a schematic circuit of capacitor coupling. The amplifier is represented by a voltage source V, and the internal resistance R,. A 5kW amplifier can deliver 0.7kV when the load is matched, so the maximum output voltage is Vom, = 0.7kV. But, the equivalent voltage V, is not clear. With a matched load the load voltage is 0.7kV, and the source voltage would be doubled, say V, = 2Vomax = 1.4kV. With an unmatched load the voltage VO at the port is no more than 0.7kV, so V, should be less than 2VomX but larger than Vomax. The exact value may depend on the structure of the amplifier.
The load in question is a cavity with ferrites and represented by L and RL. The latter accounts for the loss. The capacitors and the inductance form a certain resonance and thus the load voltage VL will be larger than the source voltage V,. Changing the ratio of the two capacitors Cz/C1 = n will change the voltage enhancement factor, or voltage gain G = VL/ V, , but not linearly.
Considering our particular case, assume L = 20mH, RL = 20 kohm, R, = 50 ohm, and CO =180pF = constant, where
For different ratio n, the voltage gain is plotted in Fig. 11 . Evidently, the voltage gain increases with n, but not linearly. The maximum voltage gain is 7.1 with n = 5, and 6.6 with n = 4. However, the bandwidth does not meet the requirement.
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In order to cover the full band specified in Fig.2 , one may make use of the staggering method, which employs a few cavities with each tuned to a different frequency. Table 4 gives a data set. In this example we divide the full band into 6 sub-bands (column 2) with each tuned to its center frequency (column 3). .Next we allot different numbers of ferrite rings (column 4) to each band, such that each cavity has an appropriate inductance (column5). The corresponding capacitances can be calculated and are listed in the last three columns. The Q values and RL are estimated according to their frequencies. Fig. 12 The staggering tuning scheme with capacitor coupling It can be seen that the full band is covered with 6 staggering sub-bands. According to the number of rings in Table 4 , one can make proper combination that one cavity contains two gaps, namely forming two sub-bands. Thus three cavities would be adequate. It is also possible to employ two cavities to cover the full band after optimization.
INDUCTANCE COUPLING AND TRANSFORMER
In principle, inductance coupling has similar performance as capacitor coupling, except that the structure is quite different. The power feed loop involves only a part of the ferrite rings. This arrangement, as well as a capacitor coupling, will not only enhance the voltage, but also improve the impedance match. 
Considering the symmetry, the above equations are equivalent to the circuit shown in Fig.l4(a) . The right figure (b) is a half, with C2 = 2C. A more delicate equivalent circuit is shown in Fig. 14(c) . Fig.10 , one can see that the two capacitors are replaced by two inductors while the inductance is replaced by a capacitance, so their performances are similar. In particular, the voltage enhancement factor is not proportional to the ratio of the two inductances. In addition, the bandwidth is rather narrow, so that it is hard for one cavity to cover the full band without significantly increasing the power requirement. Therefore, we are forced to use more cavities with staggering.
Note that Fig. 14 is not a self-coupling transformer. A self-coupling transformer should have their fluxes fully linked, but that is hard to realize physically in this cavity structure. The figure 8 loop makes coupling, but only balances the asymmetry of the mechanic a1 structure.
Nevertheless, one can modify the structure that makes use of the "figure 8" loop to link them and form a transformer. Fig. 15 shows possible structures with different voltage step ratios.
In Fig.15 (a) , the ferrite rings are divided into two equal groups with one "figure 8" loop, that forces them to have equal flux. Thus the gap voltage will be doubled. Similarly, in Fig.15 (b) there are three equal groups of ferrite with two "figure 8" loops to force them to have equal flux and the total voltage will be tripled. Fig.15 (c) has four equal groups and two "figure 8" loops forming a 1:4 transformer with the same principle. 
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Of course, the "figure 8" loops make the mechanical structure complicated .
ROTATING CAPACITOR TUNING
A tunable cavity can always be operated on resonance and thus saves lai-ge amounts of power. Since the repetition rate is 30 Hz, mechanical tuning is possible. Fig. 16 shows the circuit for capacitance tuning. The reason for employing two tuning capacitors will be explained shortly.
Generally, mechanical tuning is not favorable because of its reliability and operation maintenance. Normally, mechanical tuning structures can not run rapidly and its constituent components are complex, easy to fatigue, have limited lifetime, need replacement regularly, e.g. bellows have limited reciprocating number. In addition, moving electrical contact points will cause corrosion, friction will cause wearing, etc. Fig. 16 A cavity with tunable capacitors But, on the other hand, if the structure is so designed that is simple without wearing parts, it is also reliable in modem technology. For example, a motor can work years without failure. Many facilities involving mechanical vacuum pumps can operate unattended. A rotating capacitor can meet the needs and remain reliable.
According to the frequency ramp', assuming .the inductance L=15 pH, the corresponding capacitance tuning is shown in Fig. 17 . The capacitance change rate, i.e. The schematic structure of a tunable capacitor is shown in Fig.19 . Two fixed electrodes are located at the top and bottom respectively, while on the center is a rotating plate. There is a gap between them to form a capacitance. As is well known, the capacitance of a parallel plate capacitor is proportional to its area, so the capacitance will change periodically when the plate is rotated.
The plate is shaped in such a way that the area will change in time to fit the requirement shown in Fig.18 . There is a stack of electrode pairs to increase the ' The calculation in this section is based on an early version where the ramp is fiom 1.5 MHz to 7.6 MHz.
capacitance to meet the need. Modification is also possible, e.g. one can shape the fixed electrodes instead of the rotating plate if that eases the machining and the capacitance trimming. Fig. 19 Schematic of a rotating capacitor As seen in Fig.16 and Fig.19 , there are two capacitors in series. This design has a few advantages. The symmetrical shape is good for mechanics. The rotating plate can be electrically floating to avoid the moving electric contact point. The voltage is divided into two halves to alleviate the insulation requirement. One turn of rotation corresponds to two cycles of capacitance tune, so that the rotation rate is reduced to a half, i.e. 15 Hz, or 900 RPM, which is quite modest for a motor. Fig.20 shows the capacitance tune curve for one turn. On the duty time, as in the 1st and 3rd quadrant, the capacitance conforms to the requirement of Fig. 17 . The shapes in other quadrants don't matter, since they correspond to recovery only. A schematic design shown in Fig.21 gives an idea about the assembly and the size. The fixed electrode is sandwiched between two rexolite thin plates. This improves the insulation and mechanical rigidity. The gap of capacitance has 2mm of air plus 2.5mm of rexolite, which should be adequate to sustain a 3.5 kV voltage. The maximum diameter 
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Fig22 The power dissipated inside cavity. of the rotation plate is only 20 cm. The total assembly extent is about 28 cm. It is compact. The insulation for the rotating parts is not detailed in this figure. where L = 15 ,uH, Q = -80 and V conforms the ramp requirement. If one employs two cavities, the required power for each reduces to a quarter, as is also shown in Fig.22 . The total power saving is about 80 times, which is conceivably the same order of Q. Therefore one cavity is enough to do the job and the second cavity can be a backup.
FERRITE BIASING TUNING
Besides mechanical tuning, one can also apply electrical tuning, which seems, in many cases, more preferable. Ferrite is the most popular material for this purpose. Although at the beginning 30 Hz was considered too high for the ferrite to accommodate, we finally found it was still a very worthy option.
A separate noteL6] gives a detailed discussion about this option and thus is omitted here.
FILTER OPTION --IMPEDANCE MATCHING NETWORK
The bandwidth of a simple cavity is narrow. As is well known, a filter can widen it and function as a wide band impedance converter to improve the impedance match. According to network theory, a cavity has only one pole, while a filter consisting of multi elements the band.
has multi poles. Therefore, properly arranging the pole distribution can widen Fig.23 shows the schematic. The filter theory has been developing for many decades. However, it is found difficult to cover a bandwidth ratio 1:5 and a loaded Q value about 80 or so, as required in our case. Lowering Q may increase the band, but meanwhile increases the power requirement. To this end, one has to divide it into two or more sub-bands. Many possible options have been studied. Some selected results are summarized below. Fig.24 shows an impedance-matching network with number of sections n = 4. The first section (the right most) is the cavity itself and is a part of the filter. L1 is the inductance of the ferrite rings, while C1 is the gap capacitance plus an external capacitance. The load R1 is its ferrite loss plus possible external resistance for the sake of lowering the Q.
The required frequency ramp is from 1.27 MHz to 6.44 MHz. The center frequency is its geometric mean, namely 2.86 MHz. In the two-band case we need two cavities, one to cover low band and the other high band. The design process is described in the Appendix.
After the parameters were determined, simulations were done using PSpice to check the response. Parameters can then be trimmed for optimization. Some typical results are shown in Fig.25 and Fig.26 with their parameters listed in Table 5 . In Fig.25 , the left plots show the amplitude response providing the source voltage V1 = 1 volt. As can be seen the voltage gain is 3 or more. The right plots show the source currents. Because PSpice assumes that a constant voltage source is current unlimited, one has to check if the current is within the limitation of a real source.
At first we tried 4 sub-bands with the lowest band of 1.27 to 1.91 MHz, but found the resultant bandwidth is wider than expected. It is shown in Fig.25 -Case 1. It suggests that two sub-bands would be enough. On the other hand, the required ramp voltage shown in Fig.2 is not flat, implying the flatness is not required. A modified design of a band of 1.27-2.18 MHz is shown in Case 2. Also shown is the voltage VJ-A at the output of the power source (blue curve).
The blue curve V L~ has four peaks, corresponding to four poles. Similarly, the current curve reveals four minimums or four zeros (right red curve).
Case 3 is a design for high frequency band. Fig.26 is a combination of two cavities with two filters with low band and high band each. It covers the required full band. The peak in the middle is due to overlap. The extra gain showing poor flatness is not important because it can be compensated by adjusting the drive power in the low level system. Table 5 )
Case 4 shown in
May be After optimization 3 6x5kW $1350k Yes
In conclusion, the filter option is one possible solution without a tuning structure. The power requirement is listed in Table 6 for comparison.
2 SUMMARY AND COMPARISON OF COST ESTIMATION
Technically all options are realizable. The major restriction in practice would be the cost. The major difference in the cost is its power requirement, or the volume of the amplifier. The following table lists the estimated cost of the amplifier for different options.
1
1x2.5kW $125k Yes Need experiment 2 2xlkW $184korless Yes It is clear that a tunable scheme will significantly reduce the cost. These include the rotational capacitor option and the ferrite tuning option. The mechanical tuning by a rotational capacitor is, to my point of view, promising, though it needs an experiment to confim its mechanical realizability. This wouldn't be a serious problem for state-of-art components, though it was a problem decades ago. The ferrite tuning is also promising, and is discussed indetail in a separate note.[61 The tube option is also acceptable from the viewpoint of cost, but its need of maintenance and the complexity of its supporting system makes it unfavorable. 
